separation techniques or computer analyses such as selforganizing map analysis 10 , multivariate and neural network analysis 11 . Because of no reference materials, the definition of lipoprotein subclasses used in various methods are different, and standardization is required to evaluate the risk of cardiovascular diseases in epidemiological studies based on lipoprotein subclass profiles. Our definition of lipoprotein subclasses based on particle size, has been determined by average profiles of healthy subjects and patients with lipoprotein metabolic disorder having a remarkable increase with respect to special lipoprotein subclasses 12, 13 . For example, patients whose lipoprotein lipase LPL activity is absent or little have remarkable increases of chylomicrons CM , large sized VLDL, small sized LDL, and small sized HDL particles, compared to those of normal subjects 14 . Patients with cholesteryl ester transfer protein CETP deficiency have a remarkable increase of large HDL particles 14, 15 . In type III hyperlipidemia with apolipoprotein apo E2/2, a remarkable increase of small sized VLDL particles has been observed due to the accumulation of remnant particles, which lead to the shift of LDL to a larger particle size than that of normal LDL 14, 16 .
These approaches for subclass definition incorporating the lipid disorders have been highly evaluated for reference particle sizes in nuclear magnetic resonance NMR analysis of lipoproteins by Ala-Korpela et al. 17 26 No. 8 in Table 1 .
Background of development of gel permeation high-performance liquid chromatography (GP-HPLC) for lipoprotein subclass analysis
Serum lipoproteins can be separated according to the differences in particle sizes, densities, charges, immunochemical reactivity of protein moieties, among others. Measurements of the amounts of separated lipoprotein particles are successfully performed by the selective detection of lipoprotein components with high sensitivity and high accuracy. For this purpose, an enzymatic method is the most suitable, where colored substances are derived in proportion to the numbers of target molecule 27, 28 .
Gel permeation chromatography has been evaluated as a lipoprotein analytical method. Its advantages as a tool of lipoprotein analysis are as follows: 1 All components in the loaded samples can be recovered from the columns, allowing repeated analysis; 2 Degradation or denaturation of samples during separation is the lowest among other separation techniques, especially ultracentrifugation 29 31 ; 3
Analysis of chromatogram is simple and easy, as the separation is only based on particle size. In 1966, Werner 32 presented elution patterns of plasma lipoproteins using 2 agarose gel column, where lipid components of collected eluent fractions from the column were measured in dry weight, after extraction with organic solvents. For cholesterol Cho , the determination was made by Lieberman Burchard reaction heating, sulfuric acid, acetic acid and others . This required 5 mL of plasma and 4-12 h to fractionate one sample. In 1970, Sata et al. 33 evaluated gel chromatography for plasma lipoprotein fractionation by comparing ultracentrifugation, paper electrophoresis, and thin-layer chromatography technique. They then revealed that plasma lipoproteins were eluted successively from the column in the four overlapping peaks of chylomicrons CM , very low density lipoproteins VLDL , LDL, and HDL, and showed continuous progressive changes in lipid composition as these fractions emerged, while LDL showed a relatively constant lipid composition. These widely accepted profiles for 4 major lipoprotein classes, as previously presented by analytical ultracentrifugation by Lindgren et al. 34 36 , have been revealed using a traditional gel chromatography technique and chemical analysis.
In 1974, Allain et al. 27 developed an enzymatic method for the determination of Cho by using a single aqueous reagent, containing one of the key enzymes, cholesterol oxidase. In 1978, Kato et al. 37 developed gel permeation columns for using aqueous solution under high-speed and/ or high pressure for the separation of macromolecules, and Hara et al. 38 40 successfully applied them to HPLC for analysis of serum lipoproteins by combining the on-line detection of Cho using enzymatic reaction. In 1981, Okazaki et al. 41 clarified the clinical relevance of the analysis using their GP-HPLC method, by the remarkable decrease of small-sized HDL subclasses HDL3 Cho levels in patients with liver cirrhosis. In 1984, Matsuzawa et al. 16 revealed using this early GP-HPLC system, that patients with type III hyperlipidemia with apoE2/2 showed no lipoproteins eluted at the regular LDL position, and elution position of major component shifted to larger particle size than that of normal LDL, and absence of LDL-sized peak was also reported in the improved HPLC system 14 . In 1988, Yamashita et al. 15 revealed, using the early GP-HPLC system that patients with CETP deficiency have abnormal lipoprotein profiles, especially, extremely larger HDL in size. These two abnormal profiles, derived from the lipid disorders were confirmed in an early GP-HPLC system, and they were used to determine the individual anchor peak positions out of the 20 component peaks 12, 13 in the GP-HPLC system as shown in Fig. 2 and Table 2 .
In 2002, a split in the column effluent Fig. 1 made simultaneous detection of two lipid components possible by Usui et al. 42 . After that, the data processing of Gaussian curve fitting technique helped in the measurement of the 20 component peak areas 12, 13 . The elimination of non-specific absorption of lipoproteins to the gel matrix in columns as well as reduction of particle size of the gel matrix have resulted in the increase of analytical performance in lipoprotein separation in a wide size range from CM to small HDL 43 45 . By these improvements in hardware and software, that is, separation, detection, and data processing as described above, the GP-HPLC system for Cho and triglycerides TG measurements of lipoprotein subclasses, have been established. Skylight Biotech Inc. launched Lipo-SEARCH service by using this improved GP-HPLC system 46 . In this article, we call this improved GP-HPLC system as the LipoSEARCH system . This system has been used by many researchers worldwide, and many papers over 300 using LipoSEARCH profiling data have been published 47 .
More recently, an algorism for the calculation of particle number of lipoprotein subclasses has been developed 48 and applied for the LipoSEARCH system. Using the new system, Okada et al. 49 have revealed unique distribution of lipoprotein particle numbers in patients with CETP deficiency. Ai et al. 50 have also examined the changes in particle number and core lipid composition by pitavastatin therapy in patients with hypercholesterolemia.
Comparison of GP-HPLC with other methods for lipoprotein subclass analysis
The performances of the LipoSEARCH system were compared to those of other analytical methods for all lipoprotein subclasses from whole serum or plasma samples. In Table 1 In the LipoSEARCH system, amounts of Cho and TG, particle numbers and particle sizes can be determined for CM, 5 VLDL, 6 LDL and 7 HDL subclasses. Another method of HPLC No. 2 in Table 1 , combination of step-wise elution using ion-exchange column and on-line enzymatic reaction of Cho, allows measurement of the amounts of only Cho in seven lipoprotein subclasses 51 .
A spectrum of particles with differing flotation characteristics, which is a function of both size and hydrated density of lipoprotein particles, were obtained using analytical ultracentrifugation AU . Krauss et al. 52 reported the distribution of 14 VLDL, 15 LDL, and 15 HDL subclasses as a whole lipoprotein mass using by AU No. 3 in Table  1 , and we compared the particle number differences related to sex and age by GP-HPLC to those of particle 53 .
Gradient gel electrophoresis No. 5 in Table 1 can fractionate LDL and HDL subclasses directly from the plasma according to their size and charge by pre-lipid staining, and the size and relative distribution of subclasses can be determined 54 . We compared the LDL particle size calculated from the LDL peak time on the original chromatogram in the GP-HPLC system with the LDL scores by the Lipoprint LDL system 55 , where a higher value means small particle size. The moderate negative correlation r 0.585, n 87 between the two methods was given 56 .
Ion mobility analysis depends on the differences in electrophoretic mobility of the gas-phased lipoprotein particles
No. 6 in Table 1 . After an ultracentrifugation step to remove albumin, the size distributions are presented as particle number and mass arbitrary unit in eleven lipoprotein subclasses by Caulfield et al. 57 .
NMR spectroscopy is one of the most important methods in chemistry, particularly for molecular identification and absolute quantification of soluble compounds in liquid phase. Recently, NMR spectroscopy has been applied to analyze lipoproteins which are macro emulsion particles dispersed in an aqueous phase 58 .
Since the beginning of the 1990s, two groups made a significant progress in the analysis of 1 12 .
Besides those two groups, many others also reported lipoprotein subclass analysis using NMR information by various approaches. They are referred to in the recent review by Mallol et al. 58 , where detailed information including principles of NMR application to lipoprotein analysis is presented. All NMR applications for analyzing lipoprotein subclasses including color material in plasma, such as bilirubin.
c particle radius corresponding to a maximum hydration layer including hydrated water and sugar chains, by which lipoprotein particle separated (R hplc in Fig. 3 ).
share the common basic principle, as NMR signals depend on particle diffusion rates according to lipoprotein sizes. Unlike the GP-HPLC method, where Cho and TG levels are directly measured, each subclass analysis are performed using a whole 1 H-NMR signal intensity from methyl groups contained in the hydrocarbon chains; 2 methyl groups in free cholesterol FC , 3 in TG, 3 in cholesterol ester CE , and 2 in phospholipids, respectively. Therefore, the direct measurements for each lipid component can not be done from 1 H-NMR signal information. There are many other methods focusing on only one subclass. For example, measurement of Cho levels in small dense LDL fraction has been developed by Ito et al. 71 by the combination of surface active surfactants and enzymatic determination of Cho. This method has been used in a large population clinical trial, the multi-ethnic study of atherosclerosis 72 , where the small LDL particle concentration was measured by the NMR technique by Otvos et al. No. 7 in Table 1 . Figure 1 shows the configuration of the LipoSEARCH system. The system consists of two parts, 1 measurement system consisting three pumps, an auto-sampler, a degasser, a column oven, a reactor, two UV-VIS detectors, and a system controller, 2 analysis system data processing: LipoSEARCH .
Principles and system configuration of the LipoSEARCH system, and its application in companion animal or cell culture
Briefly, lipoproteins in the whole plasma or serum 4 µL were separated with tandemly connected SkylightPakLP1-AA gel permeation columns. The column effluent was then equally split into two lines by a micro splitter, and each effluent was allowed to react at 37 with Cho and TG reagents customized for the LipoSEARCH system Toyobo Inc., Japan , respectively. Absorbance at 550 nm was continuously monitored after each enzymatic reaction. Cho and TG levels of the major classes and subclasses of lipoproteins were calculated from the component peak areas by the Gaussian curve fitting technique 13 Fig. 2 . The detailed information about the validation of the analytical method such as reproducibility, linearity, limit of detection, limit of quantification, and effect of influence substances, are referred to in the review by Toshima et al. 46 .
The LipoSEARCH system was successfully applied to the evaluation of lipoprotein metabolism in companion animals, and it allowed the classification 4 types for dyslipidemia in dogs and cats. This classification has been very useful for diagnosis and disease treatment for companion animals 46, 73 .
Skylight Biotech Inc. has also launched a LipoTEST service for companion animals, which has been applied for over 10,000 cases up to the present time.
Since the GP-HPLC method is very sensitive, analysis of lipoprotein profiles secreted in the medium from cultured cells can be successfully performed 9, 74 . LipoCULTURE by Skylight Biotech Inc. A novel screening system for antidyslipidemic agents using cultured cells has been reported by Takahashi et al. 75 .
A lot of papers on lipoprotein profile data by the two application system have been published 47 .
The definition of lipoprotein subclasses in the LipoSEARCH system
A significant numbers of subjects over 1000 , including normal and diseased, have been analyzed using the Lipo-SEARCH system, leading to the definition of the 20 lipoprotein subclasses as shown in Table 2 .
The representative chromatograms for curve fitting analysis of normolipidemic and hyperlipidemic subjects are presented in Fig. 2 . The 20 component peaks consists of 8 anchor peaks and 12 extra essential peaks and their elution positions are determined as follows: Positions of anchor peaks 6, 9, and 17 are determined as average elution positions for VLDL, LDL, and HDL peaks observed in healthy middle aged men, respectively. Positions of anchor peaks 5, 10, and 18 are determined as average elution positions of VLDL, LDL and HDL in patients with LPL deficiency, respectively. Position of anchor peaks 7 and 15 are determined as average elution position of VLDL in patients with apoE2/2 and that of HDL in patients with CETP deficiency, respectively. Positions of 12 extra essential peaks thin broken line line in Fig. 2 other than 8 anchor peaks bold solid in Fig. 2 among the 20 component peaks are mathematically determined in order to proceed with the curve fitting summation technique for the separation of 20 components peaks 13 .
The conversion of peak position to particle diameter was performed using a column calibration curve, a plot of logarithm of the particle diameter of standard samples, latex beads Magsphere Inc. 25 and 37 nm in diameter, and a high molecular weight calibrator Pharmacia Biotech containing thyroglobulin 17 nm , ferritin 12.2 nm , catalase 9.2 nm , albumin 7.1 nm , and ovalbumin 6.1 nm against their peak positions 6, 12, 76 .
We defined the subclass names corresponding to the 20 component peaks according to the major lipoprotein classes as follows: CM1 to CM2, peaks 1 to 2; VLDL1 to VLDL5, peaks 3 to 7; LDL1 to LDL6, peaks 8 to 13; HDL1 to HDL7, peaks 14 to 20; together with major subclass names, such as very small LDL etc., and the particle size of each peak are shown in Table 2 . The particle size of peak 1 CM1 , which is separated as the excluded volume of the column, is defined over 90 nm. Therefore, in order to calculate the particle number from particle radius, it is inte-grated with peak 2 CM2 to be a CM fraction equivalent and the particle radius is defined at 41.2 nm for the weight average size of TG levels in CM1 and CM2 of healthy subjects 48 .
6 Lipoprotein structures for apoB-containing lipoproteins and apoA-I-containing lipoproteins (HDL) Almost all serum lipoproteins are either apoB-containing particles or apoA-I-containing particles, both of which are spherical particles with a lipid core consisting of TG and CE surrounded by a surface layer consisting of FC, phospholipids and apolipoproteins, like a micelle emulsion, originally reported by Shen et al. 77 , and then by others 78 81 .
The conceptual structures of lipoproteins, spherical particle model , widely accepted are shown in Fig. 3 . In apoBcontaining lipoproteins, CM, VLDL, and LDL peak 1 to 13 in the LipoSEARCH system , one molecule of apoB-48 or B-100 is contained per one lipoprotein particle 80 82 together with other apolipoproteins such as apoE, and apoCs. During the metabolism process in the blood, apoB is retained in the lipoprotein particles, unlike other apolipoproteins. On the other hand, HDL peak 14 to 20 in the Lipo-SEARCH system have 2 to 5 apoA-I molecules per one lipoprotein particle 83, 84 together with other apolipoproteins, such as apoA-II, apoE, and apoCs. There are nonspherical particles without core lipids in rare cases. For example, in patients with primary biliary cirrhosis PBC , drug hepatopathy and lecithin cholesterol acyltransferase LCAT deficiency, liposome like particle, called Lp X 85 87 and discoidal HDL 88, 89 , which are eluted in the VLDL size and/or HDL size range, are present. In the subclass containing substantial amounts of these non-spherical particles, calculation of particle number using spherical particle model can not be applied as described in section 7. As expected, these cases deviated largely from a regression model curve as presented in VLDL4 and HDL4 for PBC and/or LCAT deficiency as shown in Fig. 5 . Among components in the serum lipoproteins, only FC is a pure compound with a molecular weight of 386.7, partial specific volume of 1.021 cm 3 /g, and molecular volume of 0.6223 nm 3 . As for the components containing fatty acids, such as CE, TG, and phospholipids, the oleic acid esters are used for the molecular data. As for apolipoproteins, especially apoB apoB-48 in CM, apoB-100 in VLDL and LDL , the molecular weights can not be determined even though amino acid sequences are determined by cDNA analysis 90 93 , because unknown amounts of carbohydrate are contained. Moreover, some parts of apoB-48 or apoB-100 are estimated to insert into the core region as presented by Yang et al. 94 . We use the most popular molecular data on apoB-48 and apoB-100 of 264,000 and 550,000 7 Algorithm for calculation of particle number of lipoprotein subclasses Based on the spherical structure, so called spherical particle model , we developed an algorithm for calculation of particle numbers in lipoprotein subclasses defined as shown in Table 2 . It can be assumed that the particle size of lipoproteins belonging to a certain subclass is almost constant. Thus, the particle numbers belonging to a certain subclass can be calculated by dividing the sum of the core volume of all lipoprotein particles tVc by the core volume occupied by TG and CE of one lipoprotein particle; hereafter, we call it LipoSEARCH Vc .
The tVc in each subclass is the sum of the total volume of TG tVtg and the total volume of CE tVce . When using the molecular weight of 885. 45 7.1 Determination of core volume occupied by CE and TG per one particle Although the size of the lipoprotein subclass is defined by the diameter nm , the radius R hplc , nm will be used to determine the core volume occupied by CE and TG per one particle. The separation of lipoproteins by gel permeation depends on the differences in the size of the maximum hydration layer of the lipoprotein particle. The maximum size includes an amorphous hydration layer formed by sugar chains attached to apolipoproteins, such as apoB, apoE, and apoCs. Accordingly, the particle size R hplc means the size of the maximum hydration layer of the lipoprotein particle as shown in Fig. 3 . The Lipo-SEARCH Vc is constant in the lipoprotein particles having a constant size, and we determined it for each lipoprotein subclass in the following way 48 . The LipoSEARCH Vc is determined using the actual core radius R c , which is estimated from R hplc by subtracting the surface layer thickness t s and hydration layer thickness t os , that is, R c nm R hplc nm t s nm t os nm , and the LipoSEARCH Vc 4/3πR c 3 nm 3 for subclasses without apoB HDL1-7 . In the case of apoB-containing lipoproteins CM, VLDL1-5 and LDL1-6 , some volume of apoB-48 or apoB-100 inserted into the core region is deducted from 4/3πR c 3 . Fig. 2 Representative patterns for separation of the 20 component peaks using the Gaussian curve fitting technique 13 , for A a healthy woman and B a patient with LPL deficiency. Solid black curve is real pattern detected by online enzymatic reaction for Cho reagent. Solid colored curves are individual component peaks brown, CM; blue, VLDL; red, LDL; green, HDL and broken black curve is their sum of Gaussian curves. Vertical lines are the 20 component peak positions, bold lines are anchor peak positions determined by healthy male blue, peaks 6, 9, 17 , LPL deficiency brown, peaks 5, 10, 18 , type III with apoE2/2 green, peak 7 and CETP deficiency red, peak 15 , and extra essential peak positions are shown by vertical thin broken lines. Fig. 3 Lipoprotein structures, spherical particle model for A apoB-containing lipoproteins and B apoA-I-containing lipoproteins HDL . PL, phospholipids; FC, free cholesterol; CE, cholesterol ester; TG, triglycerides; t s , the surface layer thickness; t os , hydration layer thickness; R, particle radius without amorphous hydration layer; R hplc , particle radius corresponding to the maximum hydration layer of the lipoprotein particle including an amorphous hydration layer formed by sugar chains attached to apolipoproteins, such as apoB, apoE, and apoCs; R c , actual core radius, which is estimated as R hplc nm -t s nm -t os nm ; Vs, volume of surface layer; Vc, core volume occupied by CE and TG, called LipoSEARCH Vc , as presented yellow area in the figure.
7.2 Determination of ratio of FC to CE TG for healthy subjects In the spherical particle model , it is expected that the ratio of surface layer volume Vs to core volume Vc is constant in the particles having the same size as shown in Fig. 3 . Moreover, the ratio of FC volume to core volume is estimated to be constant in the particles of the same size. Therefore, this assumption was examined experimentally for healthy control subjects.
The amounts of Cho and TG were measured by on-line enzymatic reaction in the LipoSEARCH system. In the enzymatic reagent for determination of Cho 27 , cholesterol oxidase and cholesterol esterase are contained as the key enzymes. Therefore, Cho values measured by the reagent are the total amounts of the FC, the original one and the FC derived from the CE. As CE is not the target molecule of cholesterol oxidase, CE can be measured after being hydrolyzed by cholesterol esterase to FC. Thus, the original amount of FC shall be measured in the same process without using cholesterol esterase. In order to examine the assumption of FC/ CE TG is constant, the amounts of Cho, FC, and TG of 80 healthy subjects were measured by the on-line enzymatic reaction in the LipoSEARCH system, where FC was measured without cholesterol esterase, and aCE was calculated from FC and Cho. In Fig. 4 , averages and 95 confidential intervals of FC/ aCE TG ratio are presented for each subclass. The ratio is found to be almost constant except for HDL7. Moreover, the ratio is expected to increase continuously with the increase in the particle diameter, because of a constant thickness of the surface layer t s in Fig. 3 . However, the calculated ratios derived from the measured values have higher points in the range of the LDL subclass region than that of the HDL subclass region. Lund-Katz et al. 78, 79 reported a higher molar ratio of FC to phospholipids in the surface layer of LDL, compared to that in HDL, from the molecular packing data of the spherical particle model of human plasma LDL and HDL using proton-decoupled 13 C-NMR spectrum study. Moreover, Tuzikov et al. 97 proposed a mathematical model to describe the composition, structure, and dynamic equilibrium between different human serum lipoprotein particles using specially developed computer programs and data by the small-angle X-ray scattering method, and analyzing the data in the literatures. In their article, the percent distribution of FC volume to total particle volume has a maximum point at the LDL size particle, according to their mathematical model. Therefore, our data, FC/ aCE TG ratio, obtained from healthy subjects was proved reliable enough to build a regression model to estimate CE values from TG and Cho values.
The ratio of HDL7 subclass is significantly higher than other HDL subclasses, which is explained by the elution of preβ 1 particle 98, 99 , consisting of phospholipids, apoA-I and FC, with no core components unlike the spherical particle, in the size range of HDL7. Therefore, the particle number calculated by the spherical particle model at the HDL7 should be distinguished from those of other subclasses.
7.3 Calculation of particle numbers from the amounts of Cho and TG without FC measurement As described above, the lipoproteins particles of a certain subclass can be considered largely having uniform structure such as the same particle radius, and the same ratio of FC volume to core volume occupied by TG and CE. Based on this fact, we attempted to find abnormal lipoprotein particles deviated from this scheme with respect to particle structure by specific lipid disorder. Thus, FC/ CE Fig. 4 Ratio of FC to aCE + TG for 80 healthy subjects in lipoprotein subclasses. ▲ and bar are the averages of the FC / aCE + TG ratio weight / weight and 95 % confidential intervals. The amounts of FC was determined by the component peak areas detected by on-line detection using enzymatic Cho reagent without cholesterol esterase. The amounts aCE actual CE was calculated from Cho and FC values as described in the text.
TG ratio is assumed to be constant in volume/volume or weight/weight for each subclass and Cho FC CE in mol , the ratio of aCE/Cho, y, was plotted against the ratio Cho/ Cho TG , x, for each subclass VLDL4 peak 6 , LDL2 peak 9 , and HDL4 peak 17 obtained from 80 healthy subjects as shown in Fig. 5 . The arrows indicate the average values of 80 healthy subjects, which were used as the anchor points of the regression fitting. The best empirical fittings that pass the anchor points are shown in the following regression equation 1 , for each subclass. The samples of type III with apoE2/2, LPL deficiency and CETP deficiency indicated as large circles in Fig. 5 were found within the range of the regression equation 1 , indicating that lipoproteins in these lipid disorders mostly are spherical particles although the core lipid compositions were quite different from healthy subjects, where the values of Cho/ Cho TG in x axis of Fig. 5 are confirmed to reflect the core lipid composition, aCE/ aCE TG by empirical fitting analysis 48 . For example, TG enrichments in LDL2 and HDL4 were observed except for HDL4 in CETP deficiency. In the samples of LCAT deficiency and PBC, the data of LDL2, which is known to be TG-rich and spherical, so-called Lp Y 85 , were also within the range of the regression equation 1 . However, the data of their VLDL4 and HDL4 fell far out of the range of the regression equation 1 , perhaps because of the presence of substantial amounts of non-spherical particles, such as liposomelike particles, Lp X 85 87 , or discoidal particles 88, 89 . Thus, this empirical analysis can detect unusual rare cases those have non-spherical lipoprotein particles. In Fig. 6 , eCE was plotted against aCE for the subclass of VLDL4 peak 6 , LDL2 peak9 and HDL4 peak 17 for 80 healthy subjects, where eCE was calculated from the data of Cho and TG using the regression equation 1 . Those values were in remarkably good agreement with a correlation coefficient r 0.987. A high correlation was also obtained in all fractions with r 0.961 except HDL7 peak 20 containing preβ 1 HDL, for which spherical particle model cannot be applied. This is consistent with the results that the ratio of FC/ CE TG for HDL7 subclass is much higher than other HDL subclasses. Thus, we demonstrated that FC/CE ratio can be accurately estimated from the values of Cho, TG and particle size, without actual measurement of FC or CE. Furthermore, particle numbers in subclasses without substantial amounts of non-spherical particles can be confirmed to be calculated from the Lipo-SEARCH data Cho and TG .
Stoichiometry in apoB-containing lipoproteins and
apoA-I-containing lipoproteins (HDL): numbers of apolipoprotein molecule per one lipoprotein particle As shown in Fig. 3 , the stoichiometry that apoB-containing lipoproteins have one molecule of apoB per particle 80 82 has been widely accepted. On the other hand, in HDL, 2 to 5 apoA-I molecules are contained 83, 84 . Therefore the relationship of serum apoB levels and apoA-I levels to the particle numbers in total apoB-containing lipoproteins and in total HDL, were examined, respectively, for individuals whose serum apoB and apoA-I levels were measured. In Fig. 7A and 7B, the molecular numbers nM of serum apoB and apoA-I y axis are plotted against particle numbers nM in total apoB-containing lipoproteins and total HDL x axis , respectively. As expected, a very high correlation between apoB molecular number and particle number were obtained, r 0.964, and apoB molecule of 1.041 0.078 95 CI 1.038 -1.04 , was confirmed to be contained per particle. In case of apoA-I in total HDL, very high correlation are also obtained, r 0.889, however, an intercept of a regression line deviated from zero, unlike the apoB in Fig.  7A . In Japanese population, having a higher Cho level in total HDL 100, 101 , the molecular number of 3.062 0.242 95 CI 3.051 -3.072 of apoA-I in total HDL was within the reported stoichiometry of apoA-I in total HDL 2 -5 molecules 83, 84 . Therefore, an algorithm for calculating the particle numbers in the lipoprotein subclasses described above was confirmed with respect to the stoichiometry of lipoprotein structure. Regarding the two types of lipoprotein metabolic disorders, which were used to determine the anchor peak positions, patients with type III hyperlipidemia with apoE2/2 and patients with CETP deficiency, the stoichiometry was examined see inserted plots in Fig. 7A and 7B . In three cases with CETP deficiency, as marked with large dotted open circle in the figures, data plots deviated from the regression lines in opposite directions; decreased number of apoB and increased number of apoA-I. As for these peculiar and rare cases among CETP deficiency, modifications of the algorithm for calculating particle numbers are needed. We estimated that a large amount of extremely very large HDL components was eluted between the LDL and HDL positions. Under these estimations, we examined the modification of algorism to calculate the particle numbers for extremely very large HDL subclasses 48 . Here, the stoichiometry of apoB and apoA-I in our regression model were examined for patients with these two lipid disorders, excepting three cases in CETP deficiency marked in Fig. 7 ; the molecular number of apoB was 0.96 0.16 95 CI: 0.82 -1.09 and 1.06 0.10 95 CI 0.98 -1.13 in patients with apoE2/2 and CETP deficiency, respectively. An algorithm of the particle number was confirmed in patients with these lipid disorders as well as the general pop- Fig. 5 Regression curves using spherical particle model for estimation of CE values without measuring FC using the regression equation 1 for representative subclasses of VLDL, LDL and HDL. A , medium VLDL VLDL4, peak 6 ; B , medium LDL LDL2, peak 9 ; C , medium HDL HDL4, peak 17 . The regression equation 1 for three subclasses are presented in the figure. Cho / Cho + TG ratio in x axis is equivalent to aCE / aCE + TG ratio, see in the text. As for 80 healthy subjects , actual data of aCE / Cho ratio as y axis are plotted against the Cho / Cho + TG ratio as x axis and the averages are shown with arrows, which pass through the regression curve. The data for patients with lipid disorders are plotted as large circles, , Type III with apoE2/2; , LPL deficiency; , CETP deficiency; , LCAT deficiency, PBC. Stoichiometry of numbers of apoB molecule and apoA-I molecule per one lipoprotein particle for apoB-containing lipoproteins and apoA-I-containing lipoproteins, respectively. A , Scatter plots of serum apoB molecular numbers nM against total particles numbers of apoB-containing lipoproteins CM, total VLDL and total LDL ; B , Scatter plots of serum apoA-I molecular numbers nM against total particle numbers of apoA-I-containing lipoproteins total HDL . , general subjects n=1992 ; , type III with apoE2/2 n=8 ; , CETP deficiency n=12 , three cases having extremely large HDL subclass are marked with large dotted open circles. ulation. On the other hand, the numbers of apoA-I in total HDL in the case of apoE2/2 n 8 , 2.65 0.30 95 CI 2.40 -2.90 was significantly lower, and in those of CETP deficiency n 9 , 3.33 0.20 95 CI 3.18 -3.48 significantly higher than those of the general population. These deviation of apoA-I molecular number from that of the general population might be explained by the difference of HDL particle size distribution, that is, smaller HDL size in the former case and lager HDL size in the latter case as previously reported 14, 16 . Thus, the particle numbers in the lipoprotein subclasses are very useful to analyze the qualitative as well as quantitative differences based on lipid disorders.
9 Sex and age-related differences in lipoprotein particle numbers for Japanese healthy population The normal ranges for Cho and TG levels in the serum lipoprotein subclasses derived by the LipoSEARCH system for healthy Japanese adults have been reported by Furusyo et al. 102 . The critical differences of TG levels as well as Cho levels were clearly observed among men, premenopausal women and postmenopausal women. It is well known that age and sex influence the risk of cardiovascular diseases and lipoprotein profiles by various analytical methods 103 108 . Therefore, the relationship of a new parameter in the LipoSEARCH system, the particle number, to sex and age were reviewed for the Lipo-SEARCH data Cho and TG levels in the 20 subclasses about 4731 subjects, which included healthy volunteers and participants in regular health checkups, from 2002 to 2012 fresh sample or fresh frozen sample, storage time less than a few months . Protocol for the operation and analysis was consistent with current Ethical Guidelines for Epidemiological Research by Ministry of Health, Labor and Welfare of Japan first installed in 2002 https://www.niph.go.jp/wadai/ ekigakurinri/guidelines.pdf . The studies using a part of this population were published elsewhere 14, 102, 109 113 .
From the 4731 subjects with the LipoSEARCH data, individuals with a history of cardiovascular diseases, critical liver and kidney diseases, and pregnancy were excluded, and the particle numbers were calculated for the remaining 4386 individuals; age 46 15 18 -92 years, 1899 men, and 2487 women. Cho and TG levels in total lipoproteins were 201 mg/dL in average and 109 mg/dL, respectively. Averages and 95 confidential intervals in the lipoprotein particle numbers in apoB-containing lipoproteins and apoA-Icontaining lipoproteins HDL are presented against age with 5-year intervals in Fig. 8 and Fig. 9 , respectively.
The particle numbers in each subclass for apoB-containing lipoproteins CM, VLDL1 -5 and LDL1 -6 obtained in the LipoSEARCH system can be converted to apoB concentrations mg/dL in each subclass, because a stoichiometry that apoB-containing lipoproteins have one molecule of apoB have been validated as shown in Fig. 7A 1.041 0.078 apoB molecule per particle . Therefore, both particle numbers nM, left axis and apoB levels mg/dL, right axis are shown in the scales of y axis in Fig. 8 . Thus, the particle numbers in total apoB lipoproteins sum of CM, VLDL1 -5 and LDL1 -6 are equal to the serum apoB levels, and comparison of the serum apoB levels with many reported values in biochemical research, epidemiological studies, and clinical trials can be possible.
In this Japanese population, serum apoB levels in men and women are 97 25 mg/dL and 85 24 mg/dl, respectively, and men have a significantly higher value than women, as reported in many studies 107, 114 . For example, very similar differences of serum apoB levels related to sex and age reported in Finnish population samples 114 , however the apoB levels was a little lower than the Japanese population Fig. 8A . It was reported by Nordestgaard et al. 115 that the arterial wall permeability and efflux from intima of plasma lipoproteins depended on the particle size, and that the accumulation of atherogenic lipoproteins in the arterial intima was a key event in the development of atherosclerosis. Low permeability to the arterial wall of CM and large VLDL has been demonstrated. Thus, our method, providing particle numbers apoB levels in each subclass as well as in total lipoproteins, will greatly contribute to the prediction of cardiovascular disease risks. As shown in Fig. 8 , sex and age differences in large LDL LDL1 are clearly distinct from those in total apoB-containing lipoproteins, total VLDL VLDL1 -5 , and small and very small LDL LDL3 -6 . The peculiarity of the large LDL subclass has been previously reported with respect to visceral fat accumulation 12 . In 1980, unique correlation of the level of large LDL compared to other LDL subclasses by canonical analysis among lipoprotein subclasses were presented by Krauss et al. 52 by using AU technique, where the lipoprotein levels were measured as whole particle mass transferred from schlieren curves No. 3 in Table 1 . As the HDL particle contains 2 to 5 apoA-I molecules 83, 84 , apoA-I levels cannot be calculated from particle number in total HDL unlike the case of apoB-containing lipoproteins. However, very high correlation was obtained between apoA-I molecular number and particle number in total HDL as shown in Fig. 7B . Thus, we tried to calculate the serum apoA-I levels from the particle number under the assumption of three apoA-I molecules per HDL particle and the results of apoA-I levels were inserted in the right side of y axis mg/dL in Fig. 9A . Serum apoA-I levels in men 153 26 mg/dL was significantly lower than those in women 158 25 mg/dL as reported in many studies 114, 116 .
Unlike the case of apoB levels, clear increase of particle number or apoA-I level in total HDL with increasing age Fig. 8 Relationship of particle numbers to sex and age for Japanese healthy population n = 4386 . A , total apoB-containing lipoproteins CM, total VLDL and total LDL ; B , total VLDL VLDL1 -5 ; C , large LDL LDL1 ; D , small and very small LDL LDL3 -6 to age with 5-year intervals. , women;
, men. Bar is 95% CI. In A , data of serum apoB levels from literature for Finnish population 114 are inserted against age with four decades, , women; , men. Fig. 9 Relationship of particles numbers to sex and age for Japanese healthy population n = 4386 . A , total apoA-I-containing lipoproteins HDL1-7 ; B , very large and large HDL HDL1 -3 ; C , medium HDL HDL4 ; D , small and very small HDL HDL5 -7 to age with 5-year intervals. , women; , men. Bar is 95% CI. In A data of serum apoA-I levels from literature for Finnish population 114 are inserted against age with four decades, , women; , men.
were not observed as reported in the Finnish population 114 . Regarding the particle numbers in HDL subclasses Fig. 9B-D , the very large and large HDL HDL1 -3 and medium HDL HDL4 numbers were significantly higher in women than those in men, but was the opposite in the case of small and very small HDL HDL4 -7 . Anderson et al. 104 examined the HDL distribution for normal men and women subjects using AU No. 3 in Table 1 , where total mass of HDL was resolved into three components, HDL2b d 1.063 -1.100 g/mL , HDL2a d 1.100 -1.125 g/mL and HDL3 d 1.125 -1.200 g/mL . Mean serum levels of HDL2b and HDL2a were significantly higher in women than in men for each of the four age decades. On the other hand, mean HDL3 levels were significantly higher in men than in the women for the population as a whole. These data might suggest that HDL1 -3, HDL4 and HDL5 -7 by the Lipo-SEARCH system largely corresponded to HDL2b, HDL2a and HDL3 identified by AU, respectively.
Since sex and age related differences in particle numbers of lipoprotein subclasses measured by NMR No. 7 in Table  1 on the Framingham Study were reported by Freeman et al. 106 , we compared them to those of the Japanese population. Except for medium LDL and medium HDL, similar patterns related to sex and age were observed in the LDL and HDL subclasses. The particle numbers in total LDL were comparable to our LipoSEARCH data, but those in total HDL were two times higher. Regardless of the differences in the time of sample collection, geographic position and race or ethnicity, the profile of size distribution in accordance with sex and age showed substantial similarities, though some differences in measured values perhaps partly because of the difference in the methods used, allowing us to evaluate new methods without conducting a new reference studies with subjects with matching backgrounds.
Conclusion
A significant number of subjects, including healthy individuals and patients with lipoprotein metabolic disorders, have been analyzed using GP-HPLC, for a long time. We developed our present method to calculate the lipoprotein particle numbers by using the amounts of lipids in the lipoprotein subclasses defined by the particle size and the spherical particle model . Nowadays, the following questions have often been discussed: which subclasses, which lipid levels, and which particle numbers in lipoprotein subclasses are good for the prediction of cardiovascular diseases? Our GP-HPLC method, the LipoSEARCH system , provides the required data and information to answer these questions, from small amounts of serum or plasma samples no more than 10 µL.
Particle numbers give the information on stoichiometry of the lipoprotein particles, for example, the numbers of molecules of lipoprotein constituents such as apolipoproteins and lipid components in one lipoprotein particle. Data from the LipoSEARCH system can be compared with the accumulated evidence of previous experimental data about lipoprotein structure. The LipoSEARCH system will greatly contribute to both basic and clinical research on lipoproteins.
